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ABSTRACT 
We undertook a detailed analysis of the wavefront aberrations of the eyes of 20 young 
progressing myopes (mean age = 22 years; mean spherical equivalent = –3.84 D, range 
–1.00 to –7.5 D) and twenty young age matched emmetropes (mean age = 23 years; 
mean spherical equivalent = –0.00 D, range +0.25 to –0.25 D). A wavefront sensor was 
used to measure the ocular wavefront and a videokeratoscope was used to measure 
corneal topography. The corneal wavefront was subsequently calculated and the 
difference between the corneal and ocular wavefront was derived to give the internal 
wavefront component of the eye. Ocular and corneal wavefronts were measured before 
and after a two-hour reading task. At the baseline measurements, the myopes showed 
greater levels of some high order ocular wavefronts than the emmetropes. These 
differences between the groups became larger following 2 hours of reading. Ocular 
higher order wavefront RMS was (baseline RMS: myopes = 0.21 microns, emmetropes 
= 0.16 microns, difference p = 0.05 and after 2 hours reading was RMS: myopes = 0.27 
microns, emmetropes = 0.17 microns, difference p = 0.02). The differences between the 
groups are primarily due to changes in the corneal wavefront associated with a narrower 
lid aperture during reading for the myopes. These differences are enhanced by longer 
periods spent reading, larger pupils and consequently low light levels. We suggest lid 
induced corneal changes caused by reading in downgaze provides a theoretical 
framework that could explain the known features of myopia development. The inherited 
characteristics of facial and lid anatomy would provide a mechanism for a genetic 
component in the genesis of myopia.  
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1. INTRODUCTION 
The effects of near work on wavefront aberrations of the eye are not well understood. In 
a previous study, we have shown that corneal wavefront coefficients can change 
significantly after reading (Buehren, Collins & Carney 2003a,b). These effects were 
directly attributed to forces generated by the eyelids. Since the cornea is the most 
powerful refractive component of the eye, it was of interest to examine whether corneal 
changes following reading might represent a factor in refractive error development by 
studying the response of different refractive error groups.  
 
Ocular wavefront aberrations of the eye show large inter-subject variability with a 
tendency for mirror symmetry between left and right eyes (Liang & Williams 1997; 
Porter, Guirao, Cox & Williams 2001; Castejon-Mochon, Lopes-Gil, Benito & Artal 
2002; Thibos, Hong, Bradley & Cheng 2002). The aberrations increase in magnitude 
with increasing pupil size, while for the same pupil size, aberrations decline for 
progressively higher Zernike orders (Castejon-Mochon et al. 2002; Thibos et al. 2002). 
Studies of monochromatic aberrations and age have shown that aberrations of both the 
cornea and total eye increase with age (Calver, Cox & Elliott 1999; Oshika, Klyce, 
Applegate & Howland 1999; Guirao, Redondo & Artal 2000; McLellan, Marcos & 
Burns 2001).  
 
Studies investigating the effect of accommodation on monochromatic wavefront 
aberrations have shown that wavefront aberrations change with accommodation 
(Koomen, Tousey & Scolnik 1949; Ivanoff 1956; Jenkins 1963; Atchison, Collins, 
Wildsoet, Christensen & Waterworth 1995; Collins, Wildsoet & Atchison 1995; He, 
Burns & Marcos 2000; Ninomiya, Fujikado, Kuroda, Maeda, Tano, Oshika, Hirohara Y. 
& Mihashi 2002; Hazel, Cox & Strang 2003). Spherical aberration typically shifts in the 
negative power direction with increasing accommodation levels. Significant changes in 
third-order aberrations and an increase in higher order ocular wavefront RMS with 
accommodation have also been reported (Atchison et al. 1995; He et al. 2000).  
 
A number of studies have reported differences in some components of the wavefront 
aberrations in myopes compared with emmetropes (Collins et al. 1995; Cheng, Thibos, 
Hong, Bradley, Himebaugh, Riley & Miller 2000a; Marcos, Moreno-Barriuso, Lorente, 
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Navarro & Barbero 2000; He, Sun, Held, Thorn, Sun & Gwiazda 2002). However there 
is no clear trend in the magnitude or nature of these differences. A relationship between 
increasing refractive error and increasing aberrations has been reported by Paquin, 
Hamam & Simonet (2002), but Cheng, Bradley, Hong & Thibos (2003b) found no 
correlation between these factors. Carkeet, Luo, Tong, Saw & Tan (2002) found 
significant fourth order differences for low myopia compared with other refractive error 
groups, but otherwise no general trend in the data.  
 
It has been speculated that ocular aberrations could be a cause for the development of 
myopia (Collins et al. 1995; Campbell, Kisilak, Hunter, Bueno, King & Irving 2002; He 
et al. 2002). If ocular aberrations were to lead to abnormal eye growth, the most likely 
mechanism would be through altered retinal image characteristics. However it is also 
conceivable that abnormal eye growth could result in differences in ocular aberrations, 
through mechanical forces of eye growth or through a feedback loop that alters the 
optics of the cornea or crystalline lens. For example, changes in the corneal optics of 
monkeys have recently been identified in response to abnormal visual experience (Kee, 
Hung, Qiao & Smith 2003), but there is no published evidence of such a relationship in 
the human eye. 
 
The effects of near work on the accommodation status of the eye have been studied 
extensively in the past (Ebenholtz 1983; Ehrlich 1987; Ciuffreda & Wallis 1998; 
Ciuffreda & Lee 2002; Vera-Diaz, Strang & Winn 2002; Wolffsohn, Gilmartin, Li, 
Edwards, Chat, Lew & Yu 2003). Near work induced transient myopia (NITM), one of 
the key findings of these studies, is caused by a temporary myopic shift in refractive 
status due to accommodative hysteresis following near work (Ehrlich 1987; Ong & 
Ciuffreda 1995). The magnitude of the myopic shift has been reported to range from 
0.12 to 1.30 D (Ong & Ciuffreda 1995). Ciuffreda & Wallis (1998) showed that myopes 
are more susceptible to increased near work aftereffects. Vera-Diaz et al. (2002) found 
significant NITM effects during the progressing phase of the myopia compared with 
stable myopes and emmetropes.  Ciuffreda & Wallis (1998) suggested that the resulting 
degradation in retinal image contrast associated with NITM may be sufficient to trigger 
compensatory blur-driven eye growth.    
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Reports of monocular diplopia after near work have been linked to the optical effects of 
corneal distortion. The most common description is that of monocular vertical doubling 
(Mandell 1966; Knoll 1975; Bowman, Smith & Carney 1978; Carney, Liubinas & 
Bowman 1981; Goss & Criswell 1992; Kommerell 1993; Ford, Davis, Reed, Weaver, 
Craven & Tyler 1997; Campbell 1998; Golnik & Eggenberger 2001). In symptomatic 
cases, the time course of remission of symptoms following reading can last between 30 
and 60 minutes after cessation of reading (Knoll 1975; Golnik & Eggenberger 2001).  
 
Some authors have reported an association between congenital ptosis and increased 
presence of astigmatism, myopia and amblyopia (O'Leary & Millodot 1979; Ugurbas & 
Zilelioglu 1999; Gusek-Schneider & Martus 2000). Experimentally induced congenital 
ptosis in chicks produces regional axial myopia (Langford, Linberg, Blaylock & Chao 
1998). Changes in refractive error after ptosis surgery have been found in humans 
(Cadera, Orton & Hakim 1992; Holck, Dutton & Wehrly 1998; Brown, Siegel & 
Lisman 1999). O'Leary & Millodot (1979) pointed out that in the normal reading 
posture the palpebral aperture is reduced and that many races prone to myopia have a 
narrow palpebral aperture.  
 
The link between refractive error and ocular anomalies disrupting pattern vision has led 
to the suggestion that emmetropisation is a vision-dependent phenomenon (Rabin, Van 
Sluyters & Malach 1981). Goss & Wickham (1995) proposed that retinal image-
mediated ocular growth is a possible etiological factor in juvenile-onset myopia. The 
hypothesis is consistent with animal models based on various studies (Wallman, Adams 
& Trachtman 1981; Raviola & Wiesel 1985; Schaeffel, Glasser & Howland 1988). 
Numerous species of animals raised with defocusing lenses have been shown to develop 
compensatory eye growth. 
 
Human infant refraction data taken early in life supports the hypothesis of vision-
dependent emmetropisation (Howland, Atkinson, Braddick & French 1978; Ingram & 
Barr 1979; Atkinson, Braddick & French 1980; Ehrlich, Braddick, Atkinson, Anker, 
Weeks, Hartley, Wade & Rudenski 1997). The distribution of refractive errors at birth 
narrows during the first years of life, showing a marked peak about emmetropia.  
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While the influence of accommodation on wavefront aberrations has been studied, the 
effects of near work on ocular wavefront aberrations have not. Corneal wavefront 
aberrations have been shown to significantly change following near work in some 
individuals due to forces generated by the eyelids in downward reading gaze (Buehren 
et al. 2003a,b). Since the cornea is the most powerful refractive component of the eye, 
changes in corneal topography will have a significant effect on both corneal and total 
ocular aberrations.  
 
Near work is considered a major environmental risk factor in myopia development. We 
were therefore interested to examine ocular wavefront aberrations following reading in a 
group of progressing myopes and a control group of emmetropes. In this study we have 
investigated corneal, total and internal aberrations before and after a period of two hours 
of reading.   
 
2. METHODS 
2.1. Subjects 
Twenty young progressing myopic subjects and twenty young emmetropic subjects  
participated in the experiment. The subjects were recruited mostly from optometry 
students at the Queensland University of Technology. The mean age of the myopic 
group was 22 years ranging from 19 to 24 years. Mean spherical equivalent was  
–3.84 D with a range of –1.00 D to –7.50 D of myopia. The mean cylindrical refraction 
was –0.53 D (ranging from 0.00 D to –2.00 D). Five myopic subjects had no cylindrical 
refraction; seven showed with the rule astigmatism, five against-the-rule astigmatism 
and three myopic subjects had oblique refractive astigmatism (group average J0 = 0.01 
D ±0.38 (SD), average J45 = 0.00 D ±0.12 (SD)). Mean myopia progression rate was -
0.73 D over the last two years (varying from   –0.50 to –1.13 D). To avoid potential 
confounding effects of contact lenses on corneal function, subjects who were regular 
soft contact lens wearers were asked not wear the lenses for at least 2 days prior to the 
experiment. There were no rigid gas permeable contact lens wearers amongst the 
myopic subjects.  
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As a control group, twenty young emmetropic students were recruited. The mean age 
was 23 years ranging from 19 to 28 years. Mean spherical equivalent was 0.00 D (range 
+0.25 to –0.25 D). The mean cylindrical refraction was –0.03 D (ranging from 0.00 D to 
–0.50 D). Amongst the emmetropic group one subject showed –0.50 D of oblique 
refractive astigmatism (group average J0 = 0.00 D ±0.00 (SD); average J45 = 0.013 D 
±0.06 (SD)). The emmetropic group did not show any significant refractive error shift 
within the last two years  (mean change of –0.03 D varying from 0.00 to –0.25 D).   
 
The 40 subjects had different ethnic backgrounds, with 27 Caucasian subjects (myopes 
= 9 and emmetropes = 18) and 13 subjects of various Asian ethnicities (myopes = 11 
and emmetropes = 2) participating in the experiment. For all subjects the left eye was 
used for measurements. The subjects had no history of significant corneal or ocular 
pathology and achieved 0 logMAR, or better, corrected visual acuity. The experiment 
was always conducted in the morning between 9.00 am and 12.00 pm. All subjects were 
given the instruction not to perform any significant near tasks prior to the experiment. 
Two consecutive sessions of 1 hour reading (i.e. total of 2 hours of reading) were 
performed in the study. During a brief (< 1 minute) initial reading period, each subject’s 
individual reading distance was measured with a ruler. The subjects were informed that 
the reading trials were to simulate a real life situation and therefore they were 
encouraged to adapt a normal (individual) reading posture. All subjects wore a current 
spectacle correction during the reading task and subsequent measurements. All 
procedures adhered to the tenets of the declaration of Helsinki and were approved by the 
Queensland University of Technology, Human Research Ethics Committee.   
 
2.2. Data collection procedure 
The COAS wavefront sensor (WaveFront Sciences, Inc.) and the Keratron 
videokeratoscope (EyeQuip Division, Alliance Medical Marketing) were used for ocular 
wavefront measurements and corneal topography measurements respectively. The 
COAS and the Keratron have been shown to have high accuracy and precision 
performance for model eyes and inanimate test objects respectively (Tripoli, Cohen, 
Holmgren & Coggins 1995; Tang, Collins, Carney & Davis 2000; Cheng, Himebaugh, 
Kollbaum, Thibos & Bradley 2003b). Using a beam splitter, the COAS wavefront 
sensor was modified to present an external fixation target (Baily-Lovie chart) at 5.5 m 
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distance, while the normal fixation target inside the wavefront sensor was switched off. 
The beam splitter could be adjusted to enable the alignment of a letter in the centre of 
the chart (~0.4 logMAR) with the red fixation spot (measurement axis) of the 
instrument. Subjects with refractive errors wore their spectacle corrections during 
wavefront sensor measurements. Throughout the wavefront measurements the subjects 
were instructed not to blink and to maintain the letter chart in sharp focus. For both the 
myopic and emmetropic groups, 6 x 25 frames (i.e. 150 measurements) of baseline 
ocular wavefront measurements were taken. Each set of 25 measurements takes about 
2.5 seconds to collect. Following each set of 25 wavefront measurements, the subject 
was asked to blink and open the eye wide before the next set of 25 measurements were 
taken.  
 
A further 150 measurements of ocular wavefront aberrations were taken at each 
individual’s reading distance using a near target that was viewed through the beam 
splitter. The near target was a slide film of optotypes with diffuse background 
illumination. Alignment of the near target with the red fixation spot of the wavefront 
sensor was achieved by adjusting the angle of the beam splitter. Different letter sizes 
were used in the near target to match the visual angle of the distant target. 
 
The Keratron videokeratoscope was modified so that the topography of the anterior 
corneal surface could be measured while accommodation demand was varied. The 
modification allowed the accommodation stimulus to be induced coaxially with the 
instrument’s measurement axis. Details of the modification have been presented 
previously (Buehren, Collins, Loughridge, Carney & Iskander 2003c). Six 
videokeratographs were acquired with the fixation target at –0.20 D (i.e. ~1/5.5 m) of 
accommodation demand (individual refractive errors were taken into account). 
Subsequently the fixation target of the Keratron videokeratoscope was positioned at an 
accommodation demand that coincided with the individual subject’s reading distance 
and a second set of six “baseline near” corneal topography measurements were 
acquired. 
 
Between the first and second hour of the subjects’ reading task, a short break was 
allowed for data collection. Two operators were used to rapidly acquire corneal 
topography data and ocular wavefront data. At this time (post-1 hour), data was 
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collected for the distant viewing conditions only. The subjects were seated in between 
the COAS and the Keratron instruments. Measurements with the two instruments were 
taken alternately, until 6 videokeratographs and 150 (6 x 25 readings) ocular wavefront 
measurements were captured. In this way, no significant time delay occurred between 
corneal topography measurements and ocular wavefront measurements after reading. 
The data collection procedure took approximately 3 minutes.  
 
Subjects then immediately continued with the second hour of reading. After the second 
hour of reading, the same data collection procedure for the distant targets was repeated 
with the videokeratoscope and wavefront sensor. Thereafter, measurements of ocular 
wavefront data at the subject’s individual reading distance was captured using the 
reading distance fixation target. A flow chart of the data collection procedure is 
presented in Figure 1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: The data collection procedure of pre-reading measurement, measurements post-1 hour 
of reading a novel and measurements post-2 hours of reading a novel are presented in a flow 
chart diagram. 
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2.3. Lid aperture analysis 
Digital photography was used to document the external ocular features of the eyes in 
reading gaze posture, and also with the subject positioned in a headrest with the eyes in 
primary gaze focusing on a 5-m distant fixation point. For subsequent analysis, a 
calibration scale was placed within the frame of the images taken in the headrest with 
the eyes in primary gaze. The subjects were informed that at some stage during the 
reading protocol, a photo of the left eye would be taken. The subjects were instructed, 
when approached, not to change their reading posture as a consequence of the 
photography.  
 
A software program for digital image processing measurement was used for analysis of 
the external eye images (Morelande, Iskander, Collins & Franklin 2002). Utilising 
several customised image-processing techniques the software allowed automatic 
analysis of the pupil, limbus, and palpebral fissure parameters. After acquisition of eye 
biometrics from the photographs taken in the headrest with eyes in primary gaze, the 
horizontal limbus diameter was used as a reference for calibration and subsequent 
analysis of the digital photographs taken with the eye in reading gaze posture.     
 
 
2.4. Corneal topography analysis 
Corneal instantaneous power, refractive power and height data were exported from the 
videokeratoscope for analysis. For the instantaneous power and refractive power maps, 
the six corneal measurements taken from each subject for each of the pre- and post-
reading conditions were averaged. Difference maps were then calculated comparing the 
pre-reading average maps with the averages for maps taken post-1 hour and post-2 
hours of reading. The change in refractive power difference maps was compared as a 
function of refractive error group. 
 
The best-fit corneal sphero-cylinder was calculated from the averaged refractive power 
maps for a 4 mm pupil size for each subject and each condition. The Hotelling’s T2 
multivariate test was used to test the significance of overall change in corneal sphero-
cylinder between the baseline far and baseline reading distance conditions. This analysis 
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was performed to test whether there was significant cyclotorsion of the cornea between 
the distance and near reading conditions (Buehren et al. 2003c).  
 
 
2.5. Wavefront aberration analysis 
The corneal wavefront was calculated from the average corneal height maps before and 
after the reading tasks for fixed 3, 4, and 5 mm entrance pupil sizes using the same 
methods as previously described (Buehren et al. 2003a,b). Zernike terms up to the sixth 
radial order (OSA convention) were fitted to the corneal wavefront. To accurately 
determine a corneal analysis region (i.e. entrance pupil size) of 3, 4 and 5 mm from the 
videokeratoscope raw data, a two-dimensional interpolation was performed along each 
of the 256 meridians of the corneal raw height data to allow entrance pupil size selection 
with an accuracy of 0.1 mm. The corneal wavefront was calculated at the position of the 
image plane at which the sum of squares of the transversal ray intersections is minimum 
(i.e. at the circle of least confusion). For the two post-reading conditions, the corneal 
wavefront was calculated at the circle of least confusion determined for the baseline 
(pre-reading) condition in order to highlight potential changes in corneal defocus (i.e. a 
steepening or flattening of the cornea). 
  
Ocular wavefront Zernike polynomial coefficients (OSA convention) for a fixed 3, 4, 
and 5 mm entrance pupil size were exported from the wavefront sensor. For each 
entrance pupil size and viewing condition (i.e. 5.5 m and reading distance), each set of 
150 measurements taken before and after the reading task was averaged.  The lower 
order Zernike wavefront coefficients were used to calculate each individual’s ocular 
sphero-cylinder power as well as J0 and J45 power vector components before and after 
the reading tasks.  
 
To investigate the contribution of internal wavefront aberrations to the overall ocular 
wavefront, corneal wavefront coefficients were subtracted from the equivalent ocular 
wavefront coefficients to calculate the internal wavefront. Accuracy of both the corneal 
and ocular wavefront aberration measurement (videokeratoscope and wavefront sensor 
respectively) is crucial for such an analysis. To test the agreement between the 
wavefronts derived from the videokeratoscope and the wavefront sensor, the changes in 
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both corneal wavefront and total wavefront aberrations following reading were 
compared.  
 
2.6. Wavefront RMS Analysis 
To investigate overall changes in wavefront aberrations as function of refractive error 
group, the group mean ocular and corneal higher order wavefront RMS was calculated 
for the pre- and post-reading conditions and compared. This was performed for the 3, 4, 
and 5 mm entrance pupil sizes. The magnitude of change of various ocular wavefront 
RMS components (total wavefront RMS change, higher order wavefront RMS change, 
3rd order, 4th order, 5th order, and 6th order wavefront RMS change) was calculated 
and compared as a function of refractive error group.  
 
2.7 Statistical analysis 
For both emmetropic and myopic groups a repeated measure analysis of variance 
(ANOVA) was performed to test the significance of change in lower and higher order 
Zernike wavefront components after the 1-hour and 2 hours reading trials. Bonferroni’s 
multiple comparison tests between the pre-reading and the two post-reading conditions 
were performed.  
 
3. RESULTS 
The magnitude of near work induced ocular aberration changes was significantly larger 
in the myopic group compared to the emmetropic group. The myopes showed increased 
higher order wavefront aberrations after reading, which were primarily of corneal 
origin. The changes appear to be caused by a smaller palpebral aperture during reading 
in the myopic group.  
 
3.1. Agreement between instruments 
The combined data of both refractive groups showed a high correlation (R2 = 0.87) 
between the changes in corneal higher order aberrations (derived from the 
videokeratoscope) and total higher order aberration changes (measured with the 
wavefront sensor). The group mean changes (myopes and emmetropes combined) in 
ocular and corneal wavefronts after 2 hours of reading are shown in Figure 2. While 
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there is a small difference in the defocus component between total ocular aberration 
changes (top/left panel) and corneal aberration changes (bottom/left panel), the 
qualitative and quantitative group mean change of the higher order aberration 
components is very similar. The ocular higher order RMS change was 0.0962 microns, 
while the corneal higher order RMS change was 0.0948 microns (RMS value is 
calculated from the average wavefront difference map; top/bottom right panel). Since 
there was a high level of agreement between the change in wavefront (baseline 
compared with post reading) measured with both the videokeratoscope and wavefront 
sensor, we were confident that the comparisons of corneal, internal and total wavefronts 
are accurate. 
 
Figure 2: Top: Ocular wavefront change (top left) and ocular higher order wavefront change 
(top right) in microns of myopes and emmetropes combined for a 5 mm pupil zone. Bottom: 
Corneal wavefront change (bottom left) and corneal higher order wavefront change of myopes 
and emmetropes combined (bottom right) for a 5 mm pupil zone. 
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3.2. Corneal topography analysis results 
The corneal instantaneous power maps for a representative myopic subject (subject 
M16, Figure 3 left panel) and a representative emmetropic subject (subject E06, Figure 
3 right panel) are presented for a 6 mm entrance pupil zone. After one and two hours of 
reading (Figure 3 centre/bottom panel) the corneas become increasingly asymmetrical 
due to distortions in the upper corneal region. For the myopic subject distortions in the 
upper semi-meridian toward the 12 o’clock position are larger and located closer to the 
centre of the map compared with the emmetropic subject. This is also shown by the 
change in corneal astigmatism, which changed by more than half a dioptre following 2 
hours of reading in the myopic subject (sphero-cylinder is calculated for a 5 mm 
entrance pupil zone). No significant astigmatic changes can be seen in the emmetropic 
subject data. 
 
Figure 3: Baseline instantaneous power map of myopic subject M16 (top left) and emmetropic 
subject E06 (top right) for a 6 mm pupil zone are shown. Centre/Bottom: Post 1-hour and post-2 
hours reading instantaneous power maps of myopic subject M16 (Centre left and lower left) and 
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emmetropic subject E06 (Centre right and lower right) respectively. Note that maps for each 
subject have a different dioptric scale. 
 
The refractive power difference maps following one and two hours of reading show the 
optical effects of the topographical changes for the same myopic and emmetropic 
subjects (Figure 4). Topographical changes of the same magnitude that occur closer to 
the centre of the pupil have a larger impact on refractive power changes than 
topographical changes that occur further away from the pupil centre. In the myopic 
subject, following 1 hour and 2 hours of reading, this has led to larger optical effects 
particularly in the upper semi-meridian showing a maximum refractive power shift of    
–2.25 D and –2.74 D respectively in this region (Figure 4 left panel). In comparison, the 
emmetropic subject shows a maximum refractive power shift of –0.75 D for both post-
reading conditions, which occurs at the edge of a 6 mm entrance pupil zone (Figure 4 
right panel).  
 
Figure 4: Top/Bottom left: Refractive power difference map for a 6 mm pupil zone of myopic 
subject M16 after 1 hour (top left) and 2 hours (bottom left) of reading respectively. Top/Bottom 
right: Refractive power difference map for a 6 mm pupil zone of emmetropic subject E06 after 1 
hour (top right) and 2 hours (bottom right) of reading respectively. Note that maps for each 
subject have a different dioptric scale.   
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In the myopic group, following 2 hours of reading, optical effects in the upper semi-
meridian showed a group mean maximum refractive power shift of –1.03 D ±0.71, 
which was significantly larger than the maximum group mean refractive power shift of 
the emmetropic group –0.60 D ±0.44 (p = 0.03). Within a 5 mm entrance pupil zone 
almost all subjects showed some changes in the corneal instantaneous power topography 
after two hours of reading. The exceptions were two emmetropic subjects who showed 
virtually no changes in topography after two hours of reading in the cental corneal 
(<5mm) region. These emmetropic subjects also showed the largest palpebral aperture 
in the reading gaze position (subject E06 = 12.6 mm and subject E11 = 10.3 mm) and 
this provides a likely explanation for the lack of central (<5mm) corneal topography 
changes.  
 
3.3. Lid aperture analysis results 
Analysis of the digital images revealed a significantly smaller palpebral aperture for the 
myopic group in the reading gaze position (myopic group = 7.12 mm ±1.00; 
emmetropic group = 8.09 mm ±1.56; p = 0.03) but not in primary gaze position (myopic 
group = 10.13 mm ±1.23; emmetropic group = 10.64 mm ±1.21; p = 0.19). Also the 
distance from the upper lid margin to the pupil centre in the myopic group was 
significantly smaller in reading gaze position (myopic group = 2.44 mm ±0.84; 
emmetropic group = 3.31 mm ±1.17; p = 0.01) but not in primary gaze position (myopic 
group = 4.08 mm ±0.72; emmetropic group = 4.23 mm ±0.97; p = 0.16). No statistically 
significant difference was found for the distance from the lower lid margin to the pupil 
centre in either primary gaze position (myopic group = 6.28 mm ±0.70; emmetropic 
group = 6.41 mm ±0.67; p = 0.55) or in the reading gaze position (myopic group = 4.68 
mm ±0.51; emmetropic group = 4.78 mm ±0.97; p = 0.68). The palpebral aperture 
results, pupil sizes and limbus diameters are summarized in Table 1. Examples of 
reading gaze ocular biometrics for the emmetropic subject E06 and the myopic subject 
M16 are shown in Figure 5.  
 
 
 
 
 
  16
Because the refractive error groups included Caucasians and Asians, differences in 
ethnicity in this study could have confounded the lid aperture results. This is especially 
so since there was a larger number of subjects with Asian ethnicities amongst the 
myopic group compared with the emmetropic group. However, when we compared 
palpebral apertures of Caucasian emmetropes with Caucasian myopes (excluding all 
Asian subjects results), we still found a significant difference in the reading gaze 
position between myopes and emmetropes (Caucasian myopes = 6.93 mm versus 
Caucasian emmetropes = 8.11 mm, p = 0.03). Furthermore a comparison of palpebral 
apertures between the 27 Caucasian and 13 Asian subjects revealed no significant 
difference in primary gaze position (Caucasians = 10.37 mm versus Asians = 10.41 mm, 
p = 0.93).   
 
 
 
Figure 5: Ocular biometrics data in reading gaze position using automatic image measurement 
techniques. As a representative example we show the myopic subject M16 (left) and the 
emmetropic subject E06 (right). The information derived from the digital photographs is pupil 
diameter, limbus diameter, aperture up (distance from limbus centre to upper lid margin), 
aperture down (distance from pupil centre to lower lid margin) and total aperture.  
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Lid Aperture Analysis (Group mean Data) 
 Primary Gaze  Reading Gaze  
 Emmetropes Myopes P-value Emmetropes Myopes P-value 
Pupil ø 4.46 mm ±0.89 
4.22 mm 
±0.76 P = 0.36 
4.09 mm 
±0.62 
4.10 mm 
±0.89 P = 0.96 
Limbus ø 12.06 mm ±0.52 
12.05 mm 
±0.42 P = 0.95 
See Primary 
Gaze 
See Primary 
 Gaze  
Aperture Up 4.23 mm  ±0.97 
4.08 mm  
±0.72 P = 0.16 
3.31 mm  
±1.17 
2.44 mm  
±0.84 P = 0.01* 
Aperture 
Down 
6.41 mm  
±0.67 
6.28 mm  
±0.70 P = 0.55 
4.78 mm  
±0.97 
4.68 mm  
±0.51 P = 0.68 
Total 
Aperture 
10.64 mm 
±1.21 
10.13 mm 
±1.23 P = 0.19 
8.09 mm 
±1.56 
7.12 mm 
±1.00 P = 0.03* 
 
Table 1: Summary of ocular biometrics data in reading gaze position using automatic image 
measurement techniques. The information derived from the digital photographs is pupil 
diameter, limbus diameter, aperture up (distance from limbus centre to upper lid margin), 
aperture down (distance from pupil centre to lower lid margin) and total aperture.  
 
3.4. Wavefront aberration analysis results 
3.4.1. Far distance results 
Analysis of corneal and ocular wavefronts showed a number of significantly changed 
Zernike coefficients for both groups after one and two hours of reading. For the 
emmetropic group and the myopic group the change in corneal, ocular and internal 
wavefront coefficients after 1 hour and 2 hours of reading, along with the ANOVA and 
Bonferroni results (for a 5 mm pupil) are shown in Table 2. The changes of corneal and 
ocular aberrations in primary vertical coma and trefoil along 30º are consistent with 
previously reported results of corneal aberrations following reading (Buehren et al. 
2003a,b). There is little change in internal aberrations for these two coefficients 
indicating that the change in ocular wavefront aberrations is primarily of corneal origin. 
Also the change of the primary astigmatism component in the direction of against-the-
rule astigmatism shown by the myopic group, is the same as that previously reported for 
corneal aberrations after reading (Buehren et al. 2003a,b). However there was no 
significant change of the primary astigmatism term for the emmetropic group. While 
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some 5th and 6th order terms changed significantly after reading, the magnitude of 
change was relatively small compared with the 2nd, 3rd and 4th order changes and 
therefore we have not included the data in Table 2.  
 
Table 2: The 5 mm pupil data for the emmetropic and myopic groups is shown for the baseline 
and the two post-reading corneal, ocular and internal Zernike wavefront coefficients in microns 
(OSA convention). The change in corneal Zernike wavefront coefficients after reading are 
shown along with the ANOVA and Bonferroni results within the groups.   
Group mean change in Zernike coefficients following 1 hour and 2 hours of reading for a 5 mm entrance pupil 
Myopic 
Group 
2
2
−Z  02Z  22Z  33−Z  13−Z  13Z  33Z  44−Z  24−Z  04Z  24Z  44Z  
Ocular 
Post-1hr -0.003 0.046 0.067 0.06* -0.049 -0.018* 0.004 -0.005 0.002 0.001 0.014 -0.001 
Ocular 
Post-2hr -0.010 0.075 0.073* 0.088** -0.088** -0.016 0.003 -0.008 0.003 0.002 0.018 -0.001 
ANOVA 
(p-value) 0.78  0.11 0.04 <0.001 0.002 0.02 0.86 0.11 0.69 0.97 0.13 0.98 
Corneal 
Post-1hr 0.009 -0.010 0.059* 0.045 -0.058* -0.007 0.003 -0.001 0.003 0.001 0.007 -0.002 
Corneal 
Post-2hr 0.005 -0.004 0.087** 0.074* -0.078** -0.018* 0.002 -0.013 0.008 -0.003 0.008 -0.003 
ANOVA 
(p-value) 0.75  0.94 0.002 0.003 <0.001 0.01 0.89 0.09 0.10 0.87 0.50 0.91 
Internal 
Post-1hr -0.012 0.057 0.008 0.015 0.010 -0.010 0.001 -0.004 -0.001 0.001 0.007 0.000 
Internal 
Post-2hr -0.015 0.079* -0.014 0.014 -0.01 0.002 0.001 0.004 -0.005 0.004 0.010 0.002 
ANOVA 
(p-value) 0.55 0.05 0.71 0.14 0.26 0.29 0.98 0.29 0.48 0.77 0.39 0.96 
Emmetropic 
Group 
2
2
−Z  02Z  22Z  33−Z  13−Z  13Z  33Z  44−Z  24−Z  04Z  24Z  44Z  
Ocular 
Post-1hr <0.000 0.049 -0.010 0.025* -0.035* 0.002 0.010* 0.001 -0.001 -.003 0.015* -0.008 
Ocular 
Post-2hr <0.000 0.051* 0.002 0.034* -0.050** -0.001 0.011* -0.002 -0.002 <0.000 0.018* -0.011 
ANOVA 
(p-value) 0.99 0.03 0.70 0.002 <0.001 0.76 0.01 0.82 0.65 0.74 0.005 0.08 
Corneal 
Post-1hr -0.011 -0.002 0.009 0.036* -0.037** -0.012 0.015 0.004 -0.001 -0.011* 0.014* -0.013* 
Corneal 
Post-2hr -0.008 0.047 0.024 0.050** -0.055** -0.014* 0.015* 0.005 <0.000 -0.006 0.017* -0.011 
ANOVA 
(p-value) 0.36 0.24 0.22 <0.001 <0.001 0.04 0.04 0.28 0.89 0.07 0.001 0.03 
Internal 
Post-1hr 0.011 0.052 -0.019 -0.011 0.002 0.013* -0.005 -0.003 <0.000 0.008 <0.000 0.004 
Internal 
Post-2hr 0.008 0.004 -0.022 -0.016* 0.005 0.013* -0.004 -0.007 -0.002 0.006 0.001 <0.000 
ANOVA 
(p-value) 0.44 0.19 0.08 0.05 0.82 0.03 0.74 0.24 0.72 0.30 0.96 0.53 
Bonferroni's Multiple Comparison Test: p < 0.05 = *, p < 0.001 = ** 
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Near work induced effects on defocus (i.e. NITM) after two hours of reading were 
larger in the myopic group compared with the emmetropic group. For the 4 mm pupil 
size following two hours of reading, the ocular defocus shift for emmetropes and 
myopes was -0.06 D (p = 0.06) and -0.13 D (p = 0.03) respectively (D values are 
corrections). These values are calculated based on the mean of 150 wavefront sensor 
measurements taken within ~3 minutes post reading. When we calculated the ocular 
defocus shift based only on the first 10 wavefront sensor measurements (i.e. the time 
span it took to capture 2 videokeratographs and the first set of wavefront sensor 
measurements was ~30 seconds), defocus after-effects showed -0.09 D (p = 0.01) and    
-0.18 D (p = 0.01) of myopic defocus shift for emmetropes and myopes respectively.  
 
3.4.2. Reading distance results 
The average reading distance for the emmetropes was 41.5 cm ±8.0, while the myopes 
showed a mean reading distance of 35.0 cm ±7.5. The effect of accommodation (i.e. the 
change from 5.5 m distance to the individual reading distance) on the pre-reading 
corneal sphero-cylinder for both groups (combined) revealed small and not statistically 
significant cyclotorsion of the eyes. The Hotelling T2 test showed a 1.2º group mean 
excyclotorsion (p = 0.92) with accommodation. Therefore cyclotorsional variations 
were not considered to be a major factor in potentially confounding the analysis of 
wavefront aberration changes with accommodation. 
 
The effect of accommodation on the pre-reading ocular wavefront showed changes in 
several of the wavefront Zernike coefficients. For the data of both groups combined, the 
classical shift towards negative spherical aberration was found (shift was -0.30 D; p < 
0.001; at 4 mm pupil) with accommodation. Furthermore there were significant changes 
in both horizontal and vertical primary coma components as well as small changes in 
some fifth and sixth order terms (Figure 6). The effect of accommodation on the total 
wavefront (without defocus) was relatively small compared to the changes associated 
with lid forces following reading, with the exception of astigmatism in 45 degrees, 
spherical aberration and horizontal coma changes (Figure 6).  
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Figure 6: The group mean change of ocular wavefront aberrations induced by accommodation 
(black bars) and induced by 2-hours of reading induced (white bars)  (±SD) for a 5 mm pupil 
size (myopic and emmetropic groups combined). The reading induced changes are primarily 
corneal in origin and are related to lid forces. The accommodation induced changes are related 
to the crystalline lens. Zernike terms according to OSA convention of up to the 6th order 
polynomial expansion are presented. Piston, the prism and defocus coefficients are excluded. 
 
3.5. Corneal versus Internal aberrations pre-reading 
The combined (myopes & emmetropes) group mean pre-reading wavefronts for various 
Zernike components showed smaller ocular wavefront RMS and astigmatism than the 
equivalent corneal wavefront RMS and astigmatism, indicating a partial compensation 
of the corneal wavefront aberrations by the internal wavefront of the eye. The mean 
refractive cylinder of the combined group was –0.12 x 31 (J0 = 0.03 D ±0.33, J45 = 0.05 
D ±0.19), while the mean corneal cylinder was –0.69 x 9 (J0 = 0.33 D ±0.38, J45 = 0.11 
D ±0.19). The difference between ocular and corneal cylinder represents an internal 
astigmatism of –0.61 x 95 of against-the rule astigmatism. Mean ocular higher order 
RMS (spherical aberration included) was 0.18 microns ±0.08 compared with a group 
mean corneal higher order RMS of 0.23 microns ±0.08 and a group mean internal higher 
order RMS of 0.07 microns ±0.06. When spherical aberration was excluded the ocular 
and corneal wavefront RMS were 0.17 microns ±0.08 and 0.19 microns ±0.09 
respectively, while the internal wavefront RMS showed 0.06 microns ±0.05 (all Zernike 
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components correspond to a 5 mm entrance pupil size). These results indicate a partial 
compensation of corneal aberrations by the internal aberrations of the eye.  
 
3.6. Wavefront RMS analysis results 
The pre-reading ocular wavefront RMS of the two refractive groups showed 
significantly higher fourth-order, fifth-order and sixth-order RMS components for the 
larger pupil sizes for the myopes. The RMS components for the 5 mm pupil size were 
fourth-order: myopes = 0.098 microns, emmetropes = 0.071 microns (p = 0.01); fifth-
order: myopes = 0.034 microns, emmetropes = 0.025 microns (p = 0.03); sixth-order: 
myopes = 0.025 microns, emmetropes = 0.017 microns (p = 0.01) respectively. For the 4 
mm pupil size the fourth-order RMS was: myopes = 0.048 microns, emmetropes = 
0.032 microns (p = 0.01) while the total higher order RMS was: myopes = 0.12 microns, 
emmetropes = 0.088 microns (p = 0.04). No significantly larger RMS components were 
found in the myopic group for the 3 mm pupil size.          
 
The ocular higher order RMS increased with longer reading periods and larger pupils 
within both groups (Figure 7). For the 5 mm pupil size, the higher order wavefront RMS 
value shows a larger increase in the myopic group, reaching statistically significant 
differences compared with the emmetropic group for both the 1 and 2 hours reading 
tasks. For the 4 mm pupil size the differences are significant only at the baseline 
condition and following 1 hour of reading, while for the 3 mm pupil size no significant 
differences were found (Figure 7). When comparing higher order RMS of Caucasian 
emmetropes with Caucasian myopes (excluding Asian subjects results), again a larger 
RMS was found in the myopic group (post-2 hours RMS: Caucasian myopes = 0.27 
microns, Caucasian emmetropes = 0.16 microns, p = 0.01). A comparison between 
Caucasian myopes and Asian myopes revealed no significant difference in higher order 
RMS (post-2 hours RMS: Caucasian myopes = 0.27 microns, Asian myopes = 0.28 
microns, p = 0.84). 
 
The group mean higher order RMS for the myopes showed a greater increase than the 
emmetropic group after 2 hours reading, but not all subjects showed an increase in 
higher order RMS following reading. In fact, for the 5 mm pupil size, 16 out of the 40 
subjects (ten emmetropes and six myopes) showed a smaller ocular RMS value after 
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reading. Seven out of those 16 subjects also showed a smaller corneal RMS, while eight 
showed an increased corneal RMS. One subject’s ocular RMS increased while the 
corneal RMS decreased following reading.    
 
 
Figure 7: Higher order ocular wavefront RMS (±SD) before and after 1-hour and 2 hours of 
reading for myopic group and emmetropic group. The change for 3, 4, and 5 mm entrance pupil 
sizes are shown. 
 
The change in various ocular wavefront RMS components after two hours of reading is 
shown in Figure 8. For all three entrance pupil sizes analysed (3,4 and 5 mm), the 
change in total wavefront RMS was significantly larger in the myopic group compared 
with the emmetropic group. This difference reflects the change in both corneal and 
internal wavefront aberrations. For the 5 mm and 4 mm pupil size there was a 
significant difference in the 4th order components between the myopic and emmetropic 
group (p = 0.01 at 5 mm and p = 0.04 at 4 mm). The 5th and 6th order terms within the 5 
mm and 4 mm pupils also showed borderline significance of difference between 
refractive error groups.   
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Figure 8: Group mean change (±SD) in wavefront root mean square error (RMS) after 2 hours 
of reading (piston and prism terms removed) for myopes and emmetropes for three different 
entrance pupil sizes (3, 4, and 5 mm). Corneal wavefront RMS is presented as total RMS, higher 
order RMS, 3rd order, 4th order, 5th order, and 6th order RMS components along with the 
relevant significance values for the t-test comparison between the change in value for the 
myopic versus emmetropic groups.  
 
4. DISCUSSION 
Near work induced ocular aberrations of corneal origin were significantly larger in the 
myopic group compared to the emmetropic group. This was shown by the corneal 
topography analysis, the various wavefront Zernike coefficients and the wavefront RMS 
analysis. The difference in lid aperture during reading is the likely explanation for the 
differences found between refractive groups. The myopes also showed increased near 
work induced myopic shifts (NITM) in the total wavefront compared with the 
emmetropes.  
 
The major changes in wavefront aberrations following reading in the myopic group 
were significant changes of trefoil (along 30°) and primary vertical coma, as well as a 
small against-the-rule astigmatic shift. These ocular wavefront changes were primarily 
of corneal origin. The emmetropic group showed similar but smaller changes for 
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primary vertical coma and trefoil (along 30°), but no significant change in astigmatism 
as shown by the myopes.  
 
The data collected at baseline prior to reading can be compared with previous studies of 
ocular aberrations and myopia. Like a number of these studies (Collins et al. 1995; 
Cheng et al. 2000; Marcos et al. 2000; He et al. 2002; Paquin et al. 2002), we found that 
myopes had greater levels of higher order RMS at larger pupil sizes. But as noted by 
(Buehren et al. 2003a), the prior visual tasks (eg. reading) of subjects can potentially 
confound comparisons of corneal or ocular aberrations between groups of subjects. We 
chose to conduct our experiment early in the morning to minimize this effect. 
 
The differences in wavefront changes between the emmetropes and myopes are likely to 
be caused by a narrower palpebral aperture during reading for the myopes compared 
with the emmetropes. However the link between palpebral aperture and myopia could 
be confounded if variation in ethnicity were responsible for the difference in palpebral 
aperture. For example a smaller palpebral aperture in the myopic group could be simply 
due to differences in ethnicity between myopes and emmetropes. While our subject 
groups included 13 Asians and 27 Caucasians, the Asian subjects of this study showed a 
similar palpebral aperture in primary gaze position compared with our Caucasian 
subjects. Although Chinese Asians generally show smaller palpebral apertures 
compared with Caucasians (Lam & Loran 1991),  the similarity in this study could be 
attributed to the relatively small number of subjects tested and differences in ethnicity 
amongst our Asian subjects (Chinese, Malay, Thai, Japanese). We also found a 
significantly narrower palpebral aperture during reading for the Caucasian myopes 
compared with the Caucasian emmetropes and therefore the effect of ethnicity should 
not have confounded the results of this study. However it should be noted that the 
reported narrow palpebral aperture of Asian populations has been suggested as 
mechanism to explain the high rates of myopia in these populations (O'Leary & 
Millodot 1979; Buehren et al. 2003a). This naturally reduced aperture during reading 
would be expected to lead to greater corneal changes during and following reading.  
 
By measuring aberrations at both one and two hours after reading, we were able to 
assess the effect of length of reading on aberration changes. For both groups of subjects 
the time spent reading increased the magnitude of higher order aberrations changes, 
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while the group mean ocular higher order RMS for the myopic group increased more 
rapidly compared with the emmetropic group. Collins, Kloevekorn-Norgall, Voetz & 
Buehren (2004) have reported that following two hours of reading, lid induced changes 
in corneal topography show rapid recovery in the first 10-15 minutes, followed by a 
slower phase of recovery extending up to 2 hours before complete recovery. We can 
therefore conclude that persons who read for extended periods will experience changes 
in their ocular aberrations during reading, which increase in magnitude as the amount of 
reading increases and that decay relatively slowly after reading. 
 
The optical effects during reading with the eyelids in reading gaze posture are likely to 
be larger, taking into account that lid related distortions of the cornea change within 
seconds during the post-blink interval (Buehren, Collins, Iskander, Davis & Lingelbach 
2001). After reading, the wavefront data showed a decrease in changes within the short 
time frame it took to capture the data (approximately 3 minutes). Other factors, such as 
the tear meniscus at the lid margin might also contribute to changes in optical 
characteristics during reading. In order to capture the full magnitude of the optical 
changes of eyes during reading it would be necessary to measure the eye’s corneal and 
total wavefront aberrations with the eye in the reading gaze position. However the 
interference caused by the eyelashes makes this difficult. 
 
The issue of grouping subject groups as emmetropic and progressing myopes in this 
study is not straightforward. If changes in topography associated with lid forces during 
reading promote myopia progression, then the amount of time-spent reading is an 
important factor influencing myopia progression. It is conceivable that a subject 
classified as emmetropic could have significant corneal changes associated with lid 
forces following reading. Yet if this subject performs little habitual reading, then there 
would be no stimulus for myopia progression. On the other hand, a subject with lesser 
lid force, who reads often, could become a progressing myope. Therefore the possible 
influence of lid force during reading on myopia progression cannot be considered in 
isolation from the amount of time-spent reading. Similarly the size of the pupil plays an 
important role in determining the magnitude of higher order aberrations. Therefore 
subjects with naturally larger pupils or those reading under low light conditions are 
likely to be more susceptible to these optical changes.  
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We took near distance ocular wavefront measurements at each subject’s individual 
reading distance to provide an accurate assessment of the individuals’ refractive status 
during reading. But this approach does not allow us to perform a detailed analysis of 
accommodation behaviour or to compare accommodation characteristics as a function of 
refractive error group since the myopes had a slightly shorter reading distance compared 
to the emmetropes. 
 
Accommodation induced higher order RMS change for myopes and emmetropes 
combined (spherical aberration excluded) was 0.005 microns compared with near work 
induced (i.e. primarily lid induced changes in corneal wavefront) higher order RMS 
changes of 0.023 microns (myopes and emmetropes combined) at a 4 mm pupil size. 
The results of 2 hours reading on ocular higher order wavefront aberration changes 
acquired at individual reading distances were very similar to those found for the 5.5 m 
distance condition. In order to estimate the change in ocular wavefront between pre-
reading distance viewing condition and post-2hrs reading near viewing condition the 
changes of both, accommodation induced and reading induced changes would have to 
be considered together. 
 
The defocus changes we measured following reading were primarily due to changes in 
the internal wavefront (accommodation) and not the corneal wavefront. The magnitude 
of defocus changes (NITM) found in this study, were at the lower end of the range of 
results that have been reported previously (Ong & Ciuffreda 1995). Due to our protocol 
requirements to quickly collect corneal topography readings immediately after reading, 
the wavefront sensor measures of defocus change were collected between ~30 seconds 
and ~3 minutes post reading. It is known that NITM effects decay quickly following 
reading, so this could explain our low NITM values. As noted by previous authors 
(Ciuffreda & Wallis 1998; Ciuffreda & Lee 2002; Vera-Diaz et al. 2002), we found that 
myopes had greater defocus changes following reading than emmetropes. We assume 
that these defocus changes could arise through accommodative hysteresis (the 
commonly held theory) or by an accommodative response to the changes in the corneal 
and ocular wavefront associated with lid forces during reading. 
 
While the risk factors of myopia can be broadly classed as genetic and environmental 
factors (Mutti, Zadnik & Adams 1996), there is little evidence for a genetic influence on 
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astigmatism (Teikari, O'Donnell, Kaprio & Koskenvuo 1989; Teikari & O'Donnell 
1989; Valluri, Minkovitz, Budak, Essary, Walker, Chansue, Cabrera, Koch & Pepose 
1999). Yet astigmatism appears to be associated with the development and progression 
of myopia (Fulton, Hansen & Petersen 1982; Goss & Erickson 1987; Ninn-Pedersen 
1996; Gwiazda, Grice, Held, McLellan & Thorn 2000). The exact mechanism of this 
relationship is not understood but answers may be found in environmental rather than 
genetic causes. Our myopic subject group included various types of astigmatic myopes 
(with-the rule, against-the rule and oblique) as well as non-astigmatic myopes. While 
there was a trend for increased corneal distortions and wavefront aberrations in myopic 
subjects showing more than –0.5 D of refractive astigmatism compared with those 
showing less or no refractive astigmatism, this trend was not significant. To further 
investigate whether refractive astigmatism is associated with lid induced wavefront 
aberrations during reading, refractive error groups based on the magnitude and axis of 
refractive astigmatism would have to be investigated.  
 
We want to draw an important distinction between the status of the visual optics of the 
eye during near work in primary gaze and down gaze. The effects of lid forces on 
corneal optics appear to have a major influence on the central optics during down gaze 
associated with reading. This occurs because the lid aperture narrows significantly in 
down gaze. This means that the ocular aberrations are affected during near work in 
down gaze by the combined effects of accommodation and lid forces, whereas in 
primary gaze they are primarily affected by accommodation, but not lid forces. There is 
substantial evidence that reading and schoolwork are associated with the development 
and progression of myopia (Parssinen & Lyyra 1993; Goss & Rainey 1998; Kinge & 
Midelfart 1999; Tan, Saw, Lam, Cheng, Rajan & Chew 2000; Saw, Chua, Hong, Wu, 
Chan, Chia, Stone & Tan 2002). It is of interest that there are also examples of increased 
myopia rates amongst microscopists (Adams & McBrien 1992; McBrien & Adams 
1997) and textile workers (Goldschmidt 2003) where the occupational tasks involve 
limited accommodation, but require substantial down gaze. 
 
The good level of agreement between the reading-induced changes in wavefront 
measured by the videokeratoscope and the wavefront sensor allows a high degree of 
confidence in the accuracy of the correlation between ocular, internal and corneal higher 
order wavefronts in this study. Inaccuracy in the measurement of either the corneal or 
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total wavefront will cause an apparent compensation of the corneal wavefront by the 
internal wavefront. In this circumstance, the compensation would be an artefact of the 
measurement error, but in this experiment we have a very similar change in both corneal 
and total ocular wavefronts as a form of validation of our methods.  
 
We found a partial compensation of astigmatism, spherical aberration and higher order 
wavefront aberrations of the cornea by internal optics of the eye. A number of studies 
have previously reported such balancing of aberrations by ocular components (Artal, 
Guirao, Berrio & Williams 2001; Barbero, Marcos & Merayo-Lloves 2002; Mrochen, 
Jankov, Bueeler & Seiler 2003). This may indicate the existence of an active or passive 
compensation mechanism of ocular wavefront minimization (Artal et al. 2001; Barbero 
et al. 2002; Mrochen et al. 2003).  
 
It is widely believed that emmetropisation is a vision dependent phenomenon. When 
emmetropisation fails, the mechanism or mechanisms underlying myopia development 
have both genetic and environmental components. We suggest lid induced corneal 
changes caused by reading in downgaze provides a theoretical framework that could 
explain these known features of myopia development. The changes in the corneal 
wavefront caused by reading in downgaze change the optical characteristics of the eye 
and thereby change the retinal image quality. These changes are significantly greater in 
progressing myopes than emmetropes and appear to be due to a narrower lid aperture 
during reading. Myopes could therefore be more susceptible to lid induced changes in 
the ocular wavefront during reading in down gaze. This susceptibility would be 
enhanced by longer periods spent reading, larger pupils and low light levels. The 
inherited characteristics of facial and lid anatomy would provide a mechanism for a 
genetic component in the genesis of myopia.  
  29
5. REFERENCES 
Adams, D. W., & McBrien, N. A. (1992). Prevalence of myopia and myopic 
progression in a population of clinical microscopists. Optometry & Vision 
Science 69, 467-73 
Artal, P., Guirao, A., Berrio, E., & Williams, D. R. (2001). Compensation of corneal 
aberrations by the internal optics in the human eye. Journal of Vision 1, 1-8, 
http://journalofvision.org/1/1/1/, doi:10.1167/1.1.1. 
Atchison, D. A., Collins, M. J., Wildsoet, C. F., Christensen, J., & Waterworth, M. D. 
(1995). Measurement of monochromatic ocular aberrations of human eyes as a 
function of accommodation by the Howland aberroscope technique. Vision 
Research 35, 313-23 
Atkinson, J., Braddick, O., & French, J. (1980). Infant astigmatism: its disappearance 
with age. Vision Research 20, 891-3 
Barbero, S., Marcos, S., & Merayo-Lloves, J. (2002). Corneal and total optical 
aberrations in a unilateral aphakic patient. Journal of Cataract & Refractive 
Surgery 28, 1594-1600 
Bowman, K. J., Smith, G., & Carney, L. G. (1978). Corneal topography and monocular 
diplopia following near work. American Journal of Optometry & Physiological 
Optics 55, 818-23 
Brown, M. S., Siegel, I. M., & Lisman, R. D. (1999). Prospective analysis of changes in 
corneal topography after upper eyelid surgery. Ophthalmic Plastic & 
Reconstructive Surgery 15, 378-83 
Buehren, T., Collins, M. J., & Carney, L. G. (2003a). Corneal aberrations and reading. 
Optometry & Vision Science 80, 159-166 
Buehren, T., Collins, M. J., & Carney, L. (2003b). Erratum: Corneal aberrations and 
reading. Optometry & Vision Science 80, 720 
Buehren, T., Collins, M. J., Iskander, D. R., Davis, B., & Lingelbach, B. (2001). The 
stability of corneal topography in the post-blink interval. Cornea 20, 826-833 
Buehren, T., Collins, M. J., Loughridge, J., Carney, L. G., & Iskander, D. R. (2003c). 
Corneal topography and accommodation. Cornea 22, 311-316 
Cadera, W., Orton, R. B., & Hakim, O. (1992). Changes in astigmatism after surgery for 
congenital ptosis. Journal of Pediatric Ophthalmology & Strabismus 29, 85-8 
  30
Calver, R. I., Cox, M. J., & Elliott, D. B. (1999). Effect of aging on the monochromatic 
aberrations of the human eye. Journal of the Optical Society of America, A, 
Optics, Image Science, & Vision 16, 2069-78 
Campbell, C. (1998). Corneal aberrations, monocular diplopia, and ghost images: 
analysis using corneal topographical data. Optometry & Vision Science 75, 197-
207 
Campbell, M. C., Kisilak, M., Hunter, J. J., Bueno, J. M., King, D., & Irving, E. L. 
(2002). Optical aberrations of the eye and eye growth: Why aberrations may be 
important to understanding refractive error development. Journal of Vision 2, 
111a, http://journalofvision.org/2/10/111/, doi:10.1167/2.10.111. 
Carkeet, A., Luo, H. D., Tong, L., Saw, S. M., & Tan, D. T. H. (2002). Refractive error 
and monochromatic aberrations in Singaporean children. Vision Research 42, 
1809-1824 
Carney, L. G., Liubinas, J., & Bowman, K. J. (1981). The role of corneal distortion in 
the occurrence of monocular diplopia. Acta Ophthalmologica 59, 271-4 
Castejon-Mochon, J. F., Lopes-Gil, N., Benito, A., & Artal, P. (2002). Ocular wave-
front aberration statistics in a normal young population. Vision Research 42, 
1611-1617 
Cheng, X., Bradley, A., Hong, X., & Thibos, L. (2003a). Relationship between 
refractive error and monochromatic aberrations of the eye. Optometry & Vision 
Science 80, 43-49 
Cheng, X., Himebaugh, N. L., Kollbaum, P. S., Thibos, L., & Bradley, A. (2003b). 
Validation of a clinical Shack-Hartman aberrometer. Optometry & Vision 
Science 80, 587-95 
Cheng, X., Thibos, L., Hong, X., Bradley, A., Himebaugh, N. L., Riley, C., & Miller, D. 
T. (2000). Increased optical aberrations in myopia. Proceedings of the 8th 
international conference on myopia, 122-126 
Ciuffreda, K. J., & Lee, M. (2002). Differential refractive susceptibility to sustained 
nearwork. Ophthalmic & Physiological Optics 22, 372-9 
Ciuffreda, K. J., & Wallis, D. M. (1998). Myopes show increased susceptibility to 
nearwork aftereffects. Investigative Ophthalmology & Visual Science 39, 1797-
803 
  31
Collins, M. J., Kloevekorn-Norgall, K., Voetz, S. C., & Buehren, T. F. (2004). 
Regression of corneal topography changes following reading. ARVO Meeting 
Abstracts (submitted) 
Collins, M. J., Wildsoet, C. F., & Atchison, D. A. (1995). Monochromatic aberrations 
and myopia. Vision Research 35, 1157-63 
Ebenholtz, S. M. (1983). Accommodative hysteresis: A precursor for induced myopia? 
Investigative Ophthalmology and Visual Science 24, 513-5 
Ehrlich, D. L. (1987). Near vision stress: vergence adaptation and accommodative 
fatigue. Ophthalmic & Physiological Optics 7, 353-7 
Ehrlich, D. L., Braddick, O. J., Atkinson, J., Anker, S., Weeks, F., Hartley, T., Wade, J., 
& Rudenski, A. (1997). Infant emmetropization: longitudinal changes in 
refraction components from nine to twenty months of age. Optometry & Vision 
Science 74, 822-43 
Ford, J. G., Davis, R. M., Reed, J. W., Weaver, R. G., Craven, T. E., & Tyler, M. E. 
(1997). Bilateral monocular diplopia associated with lid position during near 
work. Cornea 16, 525-30 
Fulton, A. B., Hansen, R. M., & Petersen, R. A. (1982). The relation of myopia and 
astigmatism in developing eyes. Ophthalmology 89, 298-302 
Goldschmidt, E. (2003). The mystery of myopia. Acta Ophthalmologica 81, 431-6 
Golnik, K. C., & Eggenberger, E. (2001). Symptomatic corneal topographic change 
induced by reading in downgaze. Journal of Neuro-Ophthalmology 21, 199-204 
Goss, D. A., & Criswell, M. H. (1992). Bilateral monocular polyopia following 
television viewing. Clinical Eye Vision Care Vol. 4, 28-32 
Goss, D. A., & Erickson, P. (1987). Meridional corneal components of myopia 
progression in young adults and children. American Journal of Optometry & 
Physiological Optics 64, 475-81 
Goss, D. A., & Rainey, B. B. (1998). Relation of childhood myopia progression rates to 
time of year. Journal of the American Optometric Association 69, 262-6 
Goss, D. A., & Wickham, M. G. (1995). Retinal image-mediated ocular growth as a 
possible etiological factor in juvenile-onset myopia. Documenta 
Ophthalmologica 90, 341-75  
Guirao, A., Redondo, M., & Artal, P. (2000). Optical aberrations of the human cornea as 
a function of age. Journal of the Optical Society of America, A, Optics, Image 
Science, & Vision 17, 1697-702 
  32
Gusek-Schneider, G. C., & Martus, P. (2000). Stimulus deprivation myopia in human 
congenital ptosis: a preliminary report of 50 unilateral cases. Strabismus 8, 169-
77 
Gwiazda, J., Grice, K., Held, R., McLellan, J., & Thorn, F. (2000). Astigmatism and the 
development of myopia in children. Vision Research 40, 1019-26 
Hazel, C. A., Cox, M. J., & Strang, N. (2003). Wavefront aberration and its relationship 
to the accommodative stimulus-response function in myopic subjects. Optometry 
& Vision Science 80, 151-158 
He, J. C., Burns, S. A., & Marcos, S. (2000). Monochromatic aberrations in the 
accommodated human eye. Vision Research 40, 41-8 
He, J. C., Sun, P., Held, R., Thorn, F., Sun, X., & Gwiazda, J. (2002). Wavefront 
aberrations in eyes of emmetropic and moderately myopic school children and 
young adults. Vision Research 42, 1063-1070 
Holck, D. E., Dutton, J. J., & Wehrly, S. R. (1998). Changes in astigmatism after ptosis 
surgery measured by corneal topography. Ophthalmic Plastic & Reconstructive 
Surgery 14, 151-8 
Howland, H. C., Atkinson, J., Braddick, O., & French, J. (1978). Infant astigmatism 
measured by photorefraction. Science 202, 331-3 
Ingram, R. M., & Barr, A. (1979). Changes in refraction between the ages of 1 and 3 1/2 
years. British Journal of Ophthalmology 63, 339-42 
Ivanoff, A. (1956). About the spherical aberration of the eye. Journal of the Optical 
Society of America 46, 901-903 
Jenkins, T. C. A. (1963). Aberrations of the eye and their effects on vision: Part 1. 
British Journal of Physiological Optics 20, 59-91 
Kee, C. S., Hung, L. F., Qiao, Y., & Smith, E. L. (2003). Astigmatism in infant 
monkeys reared with cylindrical lenses. Vision Research 43, 2721-39 
Kinge, B., & Midelfart, A. (1999). Refractive changes among Norwegian university 
students--a three-year longitudinal study. Acta Ophthalmologica Scandinavica 
77, 302-5 
Knoll, H. A. (1975). Bilateral monocular diplopia after near work. American Journal of 
Optometry & Physiological Optics 52, 139-40 
Kommerell, G. (1993). Monocular diplopia caused by pressure of the upper eyelid on 
the cornea. Diagnosis based on the "Venetian blind phenomenon" in streak 
retinoscopy. Klinische Monatsblatter fur Augenheilkunde 203, 384-9 
  33
Koomen, M., Tousey, R., & Scolnik, R. (1949). The spherical aberration of the eye. 
Journal of the Optical Society of America 39, 370-376 
Lam, A., & Loran, D. F. (1991). Desinging contact lenses for oriental eyes. Journal of 
the British Contact Lens Association 14, 109-114 
Langford, J. D., Linberg, J. V., Blaylock, W. K., & Chao, G. M. (1998). Axial myopia 
in congenital ptosis: an animal model. Ophthalmic Plastic & Reconstructive 
Surgery 14, 261-5 
Liang, J., & Williams, D. R. (1997). Aberrations and retinal image quality of the normal 
human eye. Journal of the Optical Society of America A-Optics & Image Science 
14, 2873-83 
Mandell, R. B. (1966). Bilateral monocular diplopia following near work. American 
Journal of Optometry & Archives of American Academy of Optometry 43, 500-4 
Marcos, S., Moreno-Barriuso, E., Lorente, L., Navarro, R., & Barbero, S. (2000). Do 
myopic eyes suffer from larger amount of aberrations? Proceedings of the 8th 
international conference on myopia, 118-121 
McBrien, N. A., & Adams, D. W. (1997). A longitudinal investigation of adult-onset 
and adult-progression of myopia in an occupational group. Refractive and 
biometric findings. Investigative Ophthalmology & Visual Science 38, 321-33 
McLellan, J. S., Marcos, S., & Burns, S. A. (2001). Age-related changes in 
monochromatic wave aberrations of the human eye. Investigative 
Ophthalmology and Visual Science 42, 1390-1395 
Morelande, M. R., Iskander, D. R., Collins, M. J., & Franklin, R. (2002). Automatic 
estimation of the corneal limbus in videokeratoscopy. IEEE Transactions on 
Biomedical Engineering 49, 1617-25 
Mrochen, M., Jankov, M., Bueeler, M., & Seiler, T. (2003). Correlation between corneal 
and total wavefront aberrations in myopic eyes. Journal of Refractive Surgery 
19, 104-112 
Mutti, D. O., Zadnik, K., & Adams, A. J. (1996). Myopia. The nature versus nurture 
debate goes on. Investigative Ophthalmology & Visual Science 37, 952-7 
Ninn-Pedersen, K. (1996). Relationships between preoperative astigmatism and corneal 
optical power, axial length, intraocular pressure, gender, and patient age. Journal 
of Refractive Surgery 12, 472-82 
  34
Ninomiya, S., Fujikado, T., Kuroda, T., Maeda, N., Tano, Y., Oshika, T., Hirohara Y., 
& Mihashi, T. (2002). Changes in ocular aberrations with accommodation. 
American Journal of Ophthalmology 134, 924-926 
O'Leary, D. J., & Millodot, M. (1979). Eyelid closure causes myopia in humans. 
Experientia 35, 1487-1479 
Ong, E., & Ciuffreda, K. J. (1995). Nearwork-induced transient myopia. Documenta 
Ophthalmologica 91, 57-85 
Oshika, T., Klyce, S. D., Applegate, R. A., & Howland, H. C. (1999). Changes in 
corneal wavefront aberrations with aging. Investigative Ophthalmology & Visual 
Science 40, 1351-5 
Paquin, M. P., Hamam, H., & Simonet, P. (2002). Objective measurement of optical 
aberrations in myopic eyes. Optometry & Vision Science 79, 285-291 
Parssinen, O., & Lyyra, A. L. (1993). Myopia and myopic progression among 
schoolchildren: a three-year follow-up study. Investigative Ophthalmology & 
Visual Science 34, 2794-802 
Porter, J., Guirao, A., cox, I. G., & Williams, D. R. (2001). Monochromatic aberrations 
of the human eye in a large population. Journal of the Optical Society of 
America 18, 179301803 
Rabin, J., Van Sluyters, R. C., & Malach, R. (1981). Emmetropization: a vision-
dependent phenomenon. Investigative Ophthalmology & Visual Science 20, 561-
4 
Raviola, G., & Wiesel, T. N. (1985). An animal model of myopia. New England Journal 
of Medicine 312, 1609-1615 
Saw, S. M., Chua, W. H., Hong, C. Y., Wu, H. M., Chan, W. Y., Chia, K. S., Stone, R. 
A., & Tan, D. (2002). Nearwork in early-onset myopia. Investigative 
Ophthalmology & Visual Science 43, 332-339 
Schaeffel, F., Glasser, A., & Howland, H. C. (1988). Accommodation, refractive error 
and eye growth in chickens. Vision Research 28, 639-57 
Tan, N. W. H., Saw, S. M., Lam, D. S. C., Cheng, H. M., Rajan, U., & Chew, S. J. 
(2000). Temporal variations in myopia progression in Singaporean children 
within an academic year. Optometry & Vision Science 77, 465-472 
Tang, W., Collins, M. J., Carney, L., & Davis, B. (2000). The accuracy and precision 
performance of four videokeratoscopes in measuring test surfaces. Optometry & 
Vision Science 77, 483-91 
  35
Teikari, J., O'Donnell, J. J., Kaprio, J., & Koskenvuo, M. (1989). Genetic and 
environmental effects on oculometric traits. Optometry & Vision Science 66, 
594-9 
Teikari, J. M., & O'Donnell, J. J. (1989). Astigmatism in 72 twin pairs. Cornea 8, 263-6 
Thibos, L., Hong, X., Bradley, A., & Cheng, X. (2002). Statistical variation of 
aberration structure and image quality in a normal population of healthy eyes. 
Journal of the Optical Society of America 19, 2329-2348 
Tripoli, N. K., Cohen, K. L., Holmgren, D. E., & Coggins, J. M. (1995). Assessment of 
radial aspheres by the Arc-step algorithm as implemented by the Keratron 
keratoscope. American Journal of Ophthalmology 120, 658-64 
Ugurbas, S. H., & Zilelioglu, G. (1999). Corneal topography in patients with congenital 
ptosis. Eye 13, 550-4 
Valluri, S., Minkovitz, J. B., Budak, K., Essary, L. R., Walker, R. S., Chansue, E., 
Cabrera, G. M., Koch, D. D., & Pepose, J. S. (1999). Comparative corneal 
topography and refractive variables in monozygotic and dizygotic twins. 
American Journal of Ophthalmology 127, 158-63 
Vera-Diaz, F. A., Strang, N., & Winn, B. (2002). Nearwork induced transient myopia 
during myopia progression. Current Eye Research 24, 289-295 
Wallman, J., Adams, J. I., & Trachtman, J. N. (1981). The eyes of young chickens grow 
toward emmetropia. Investigative Ophthalmology & Visual Science 20, 557-61 
Wolffsohn, J. S., Gilmartin, B., Li, R. W., Edwards, M. H., Chat, S. W., Lew, J. K., & 
Yu, B. S. (2003). Nearwork-induced transient myopia in preadolescent Hong 
Kong Chinese. Investigative Ophthalmology and Visual Science 44, 2284-2289 
 
 
 
 
